We report for the first time an atomic force microscopy (AFM) investigation of the dependence of unbinding force on temperature at controlled loading rate. AFM force measurements of biotin-avidin interactions were acquired at various temperatures ranging from 13 to 37°C using force loading rates that are slow enough to ignore dissipative friction and to assume thermal equilibrium. With our established Poisson statistical analysis method, the unbinding force at a fixed loading rate between an individual biotin-avidin pair was extracted and was found to decrease by ∼5-fold with increasing temperature over this range. On the basis of a thermodynamic model similar to that of Bell, but developed here with additional insights, the bond stiffness, effective unbinding length, and the critical unbinding energy per biotin-avidin complex were estimated. This work takes quantitative AFM studies to the next level by allowing energies to be determined from force measurements.
Introduction
Forces between biotin-avidin pairs are dynamic quantities that undergo fluctuations as thermal motions cause the pairs to undergo movements in their interpair distances r. Near the equilibrium distance r e 0 , these forces are small. As r increases, a restoring force develops and grows until it reaches a maximum at r crit , after which it decreases until the linkage eventually is fully dissociated. Such behavior is characteristic of all chemical bonds, and the intermolecular potential that varies with r is depicted in Figure 1 . When an outward bias force F out is applied to such a linkage, the net restoring force (i.e., inward toward smaller r) experienced by the pair is -F out + F restoring , where the latter is due to the bonding and other attractive forces that link the biotin ligand to the avidin receptor in a manner characterized by the potential of Figure 1 . For r > r e 0 but near this minimum, this net force is outward so the ligand-receptor linkage becomes stretched. As r is increased, the net force becomes less outward (because F restoring grows) until the restoring and bias forces reach a balance. However, there exists a critical distance r crit where F restoring is largest; beyond r crit , the restoring force decreases and eventually reaches zero at very large r. For bias forces that exceed the restoring force at r crit , the linkage will stretch beyond r crit until the linkage is fully ruptured. It is this maximum restoring force that we measure and deal with in this paper.
The above characteristics of ligand-receptor interactions cause the minimum bias force needed to effect unbinding to be somewhat ill-defined. For any finite bias force, the net restoring force will eventually reach zero once enough thermal energy has been deposited into the linkage to move r to a position where F restoring is less than the bias force. For very small bias forces, this will require waiting until thermal motions have caused the linkage to move far beyond r crit . However, if the applied bias force exceeds the maximum restoring force (i.e., F restoring at r crit ), the linkage will promptly rupture. In most of the experiments that we discuss in this paper, the bias force is "ramped" upward from zero until the linkage is observed to rupture. The rate at which this force undergoes such ramping can vary substantially from laboratory to laboratory and needs to be carefully considered when interpreting the data, as we illustrate later in this paper.
The loading-rate dependence of ligand-receptor unbinding forces (so-called "dynamic force spectroscopy") has been studied experimentally [1] [2] [3] [4] [5] [6] and theoretically [7] [8] [9] [10] in several different laboratories, including our own. In our experiments, we argue below that the range of loading rates used here allowed us to determine unbinding forces (i.e., the force at which the AFM tip breaks free from the surface) which (1) are not simply artifacts obtained by waiting long enough for thermal energy to break the linkage and (2) are related directly to the ligandreceptor attractive potential energy (in particular to the energy required to access the critical distance r crit discussed earlier). The interaction is modeled with a Morse potential, whereas near the potential minimum (r e 0 ) it is approximated with a harmonic potential for simplicity. Beyond the point rcrit (where |dV/dr| is largest), the restoring force acting on the biotin-avidin complex decreases. If the external force exceeds this |dV/dr|, the bond restoring force can no longer dominate the pulling force exerted by the AFM cantilever, and so rupture occurs.
Temperature is another important parameter that affects the rate of ligand-receptor dissociation in both the absence and presence of applied bias forces. At higher temperatures, one has to wait less time for thermal excitation to induce linkage rupture under any applied bias force. Here, for the first time, an AFM investigation of the temperature dependence of unbinding forces is presented. A thermodynamic-kinetic model similar to that used by Bell 11 is established and further developed to help interpret the temperature dependence of the biotinavidin bond-rupture forces and to extract important thermodynamic parameters.
In the AFM experiments discussed in the following section, the relationship between the force needed to effect tip-substrate breakaway in any particular measurement and the potential energy that binds a biotin ligand to an avidin binding site is complicated in two independent ways. First, each time the AFM tip touches the substrate, it is possible for various numbers (n) of biotin-avidin linkages to develop. Thus, each time the tip is withdrawn from the substrate until the force reaches a point at which the tip breaks free, one may be probing a different number of linkages. However, as we discuss later, and as has been proven in our past work in this area, 13-18 the probability, P(n), that a given measurement has n biotin-avidin linkages holding the tip to the substrate follows a Poisson distribution. Hence, by determining the breakaway force for a large number of such measurements, and using the Poisson distribution, one can extract the breakaway force for the n ) 1 case (i.e., for a single biotin-avidin linkage).
The second complication involves the kinds of forces (e.g., hydrogen bonds, van der Waals interactions, polar group attractions, etc.) that are operative within each biotin-avidin linkage and at what stage in the fragmentation these forces act. As shown beautifully by Izraelev et al. in ref 10 , especially on pp 1571-1572, each such linkage can involve a variety of attractive forces. Moreover, the biotin can be bound to various sites within the avidin "pocket" (see Figures 5, 7 , and 8 in ref 10) at various times. As a result, when an individual biotin is withdrawn (via an applied bias force) from an avidin pocket, one expects to observe a series of plateaus in the location of the biotin as a function of time. These plateaus should occur as the force applied to the biotin is ramped up, causing the biotin to move from one binding site to another within the pocket. Indeed, such behavior is observed in molecular dynamics simulations of such single biotin-avidin pullaway experiments. For example, one sees this clearly in Figure 5 of ref 10 , where it is shown that the maximum force corresponds to breaking not the last but the strongest linkage of biotin within the pocket.
The above observations suggest the following: 1. By assuming a Poisson distribution of the number of biotin-avidin linkages present in each measurement, we can infer a maximum force F i characteristic of a single such linkage.
2. The force needed to effect rupture of even a single linkage measures not any single hydrogen bond or ionic interaction. Rather, it more likely relates to the rupture of several such attractive interactions that is needed to remove biotin from its strongest binding site within an avidin pocket (as illustrated in Figure 5 of ref 10).
Experimental Section
To conduct AFM force measurements at various temperatures, we adjusted the temperature of the entire AFM apparatus between 13 and 37°C. For measurements taken below 20°C or above 30°C, ice packs or heating tapes were applied to a thermal shroud surrounding the instrument to cool or heat the AFM stage sitting inside a box surrounded by foam. The temperature fluctuations during a given set of measurements, as measured by a chromel-alumel thermocouple situated near the sample stage, were within (1°C of the set-point temperature, and extensive control experiments were made to determine drift rates that were used to set measurement time scales appropriately. 12 The biotin-and avidin-modified AFM tips and substrates were prepared using a protocol described in detail previously, 13 and extensive surface analytical methods were used to confirm the putative tip and surface modification procedures. These analyses by XPS and TOF-SIMS, though not the focus of the present paper, were described in detail in previous publications. 13, 16, 17 To extract the unbinding forces between individual biotinavidin pairs, we used an established statistical analysis method based on the properties of the Poisson distribution that our earlier work [13] [14] [15] [16] [17] [18] and that of others [19] [20] [21] has shown to be reliable (see Appendix). The application of the Poisson analysis method is demonstrated in Figure 2A , where data pertinent to the present study are shown to fit well the assumed Poisson functional form. We should note that the range of forces caused by the variation in the number (n) of biotin-avidin linkages present is ca. 2 nN (see Figure 2A) , which is even larger than the ca. 100-400 pN range in single-linkage forces (see Figure 2B ) experienced as the temperature is varied (see Figure 3) . However, because the forces obtained for n linkages follow the Poisson distribution very well, we are able to extract single-linkage forces F i with precisions of better than 50 pN in most cases (see the error bars in Figure 3 ). This then allows us to extract from the temperature variation in such single-linkage forces the desired single-linkage energetics, as discussed in the following section.
Results and Discussion
For the reasons discussed in the Introduction, single-linkage bond-rupture forces depend on temperature and on the rate of force loading. In this study, all force-distance measurements were performed with cantilevers of the same nominal force constant (0.039 ( 0.004 N‚m -1 ; each cantilever was individually calibrated) 22 at a tip scan speed of 5 µm‚s -1 , which corresponded to a nominal loading rate of (2.0 ( 0.2) × 10 5 pN‚s -1 . In contrast, the dynamics simulations discussed in ref 10 have loading rates of ca. 10 12 pN s -1 , which are orders of magnitude higher than those used here. As discussed below, the fact that our loading rate is so slow allows us to neglect dissipative frictions that cannot be ignored in the dynamics simulations of ref 10 . Moreover, we can assume that the biotin-avidin pairs remain in thermal equilibrium throughout the tip-pulling process because of the slow loading rate.
For our conditions, the rupture time of the AFM force measurement τ R was estimated to be on the millisecond scale. 23 The individual biotin-avidin unbinding forces (F i ) at six different temperatures over the range of 13 to 37°C were determined with the Poisson method and are plotted in Figure  3 . We again note that the distribution of forces obtained in the 200-plus individual measurements at each temperature fit the expected Poisson distribution well enough that the resultant error bars in the single-linkage forces F i are small, as indicated in Figure 3 .
The binding of streptavidin and avidin with biotin is one of the strongest noncovalent ligand-receptor interactions known (K a ≈ 10 14 -10 15 M -1 ). 24 As discussed earlier, each individual biotin-avidin or biotin-streptavidin linkage is comprised of a multiple hydrogen bond, polar group, and van der Waals interactions. [24] [25] [26] [27] To interpret the temperature dependence of unbinding forces observed in our AFM experiments, we employ a thermodynamic approach that focuses on how the applied force reduces the amount of thermal energy 28 that must be obtained from the surroundings. For simplicity, we assume that the model of biotin-avidin binding offered in ref 10 is essentially correct. In particular, we assume that the applied bias force causes the biotin to move from one binding site to another within the avidin pocket. As the tip force is ramped up, the force causes the biotin to so move until it reaches the site with the strongest binding. Once the bias force causes the biotin to break free from this strongest site, the biotin can fully exit the pocket as it moves even further under the bias force. Thus, the individual biotinavidin unbinding forces F i extracted from our data are assumed to relate to this strongest site's binding.
We next model the biotin-avidin binding potential for this strongest site within the pocket in terms of a potential function of the Morse form. Our use of the Morse form for the biotinavidin strong-site potential is not meant to reflect any assumptions we make about the nature of the binding at this site. Moreover, the few (n) biotin-avidin complexes that remain bound immediately prior to the pull-off point are assumed to be arranged in a manner that causes all of them to be similarly loaded as the tip is retracted from the substrate. 29 Our past work has shown that, should this assumption not hold, a clear pattern of curvature in the variance vs mean force plots (e.g., see Figure  2B ) would be evident. Such curvature was not observed in the present study.
We realize that each site in the pocket involves hydrogen bonds, polar group attractions, and van der Waals interactions. However, all such potentials share the characteristics of the potential displayed in Figure 1 . We choose to describe all such potentials in the Morse form because, for such a function, we can straightforwardly determine the critical distance r crit (see the introduction) as well as the energy at this r, V(r crit ) in terms of the basic parameters of the Morse model. Other functional forms can be employed using our general methodology.
Let us now imagine removing a tip from the substrate under conditions where the tip contains n biotin-avidin linkages as graphically depicted in Figure 4 . Bending the cantilever by a length d exerts a force k tip d on the complex, where k tip is the cantilever force constant. This stretching force is opposed by the n biotin-avidin complexes' internal bonding forces, which balance the applied force when the biotin-avidin distances are stretched by an amount δr in the direction of the AFM cantilever tip. As a result, the opposing forces reach a balance and the biotin-avidin distances move to new equilibrium positions where nk bond δr ) k tip (d -δr). Here k bond is an indiVidual complex's force constant k bond ) ∂ 2 V/∂r 2 , and n is the number of biotin-avidin complexes present. This result allows us to express the lengthening of the distances as δr ) k tip d/(k tip + nk bond ) and the amount of energy deposited as potential energy within each of the n linkages as 1 / 2 k bond (k tip d/(k tip + nk bond )) 2 . For slow rates of pulling and within the millisecond time scale of our AFM experiment, we assume that the system is at "pseudo-equilibrium" at any moment along the unbinding process. We note that this situation differs qualitatively from what happens in the molecular dynamics simulations of ref 10 where the force loading rate was orders of magnitude larger. Figure 2B ). The error bars correspond to one standard deviation. F i has a significant dependence on temperature with a slope of -12.6 ( 1.2 pN‚K -1 . Such extremely large rates were required in the latter case to allow the simulations to achieve biotin-avidin rupture within a time duration that could be accessed in the simulation. In our experiments, the tip moves slowly enough that it is safe to assume that each biotin-avidin complex is in thermal equilibrium with its surroundings. This assumption allows us to use the equilibrium Maxwell-Boltzmann energy distribution formula to compute the probability of various amounts of thermal energy being available to the each biotin-avidin complex.
During the unbinding process in the AFM measurement, the energy that must be deposited into the n biotin-avidin complexes in the form of thermal energy to effect rupture of the n linkages is assumed to have terms that account for (1) n times the amount ∆E q needed to effect rupture of a single linkage in the absence of an external force (∆E q is not assumed to equal the full dissociation energy of a biotin-avidin complex but, as detailed later, is only a fraction of the energy needed to dislodge biotin from avidin's strongest binding site),
(2) minus a term for the mechanical energy deposited into the n biotin-avidin linkages by the AFM cantilever, (3) plus a term for the energy dissipated due to viscous drag from operation at a finite rate of pulling V (this energy can, as shown below, be ignored because of the slow loading rate).
As a result, the net critical energy barrier δE T to be surmounted by thermal excitation before rupture of the n linkages occurs is
The characteristic time needed to rupture the n bonds τ R can be related to the time τ D needed for biotin to move out of avidin's binding pocket in the absence of any bias force or of any attractive forces as where nk B T is the average thermal energy available in the n linkages. In our theoretical treatments, τ D is assumed to have a negligible T dependence over the narrow temperature range applied in this study. Combining with eq 1 and taking the logarithm on both sides of eq 2 and rearranging, we obtain Next, we consider the case in which the bond force constant k bond is sufficiently greater than the cantilever's force constant k tip , k bond . k tip , which is shown below to be valid for the experimental conditions employed here (by a factor of ∼450×). In this case, eq 3 becomes For slow tip-scan speeds such as we employed, the factor Vγ appearing in the friction term 10 is much smaller than the k tip d term, so the last term in eq 4 can be neglected compared to the others. For example, for V ) 5 µm‚s -1 and γ ∼ 2 × 10 -8 pN‚s‚nm -1 , Vγ ≈ 10 -4 pN; by comparison, typical values for the k tip d term are 0.039 N‚m -1 × 10 -9 m ) 390 pN.
For each component of eq 4 to scale linearly with the number of linkages present (n), as it must to reproduce the observed Poisson distribution of forces, the AFM tip force k tip d must be linearly proportional to n. That is, k tip d ) F tot ) nF i , where F i is the force needed to displace an individual biotin from avidin's strongest binding site. This means that the force needed to effect rupture within time τ R when n linkages are present is n times the force needed to rupture one linkage in this same time. Substituting this into eq 4 and dividing both sides by n, we obtain Hence, for slow tip scan speeds and soft cantilevers, the temperature dependence (at constant loading rate) of individual biotin-avidin rupture forces can be expressed as which is the basic working equation that we use to analyze our data. Note that it is the square of the force (nF i ) 2 ) (k tip d) 2 that enters into eq 4 because this square is proportional to energy and it is an energy balance that leads from eq 3 ultimately to eq 6.
Further simplifications are possible. With the typical bondrupture time in our AFM experiment τ R ≈ 10 -3 s and using the diffusion time estimated by earlier workers τ D ≈ 10 -8 s, the ratio of time scales appearing in the log term on the right of eq 6 can be estimated (τ R /τ D ≈ 10 5 ). 30 Because this ratio appears in a logarithmic factor in eq 6, variations by even 1 or 2 orders of magnitude around our best estimates would have only a limited effect on the bond stiffness and energy factors that we compute.
The stiffness of the ligand-receptor bond k bond and the critical unbinding energy ∆E q to displace a single biotin from avidin's strongest binding site can thus be determined from the slope and the y-intercept of the linear regression curve of eq 6 in the F i 2 vs T plot ( Figure 5 ) as 17.4 ( 1.4 N‚m -1 and 7.1 ( 0.8 kcal‚mol -1 , respectively. It should be kept in mind that these values relate to a single biotin-avidin linkage which, as noted earlier, contains several hydrogen bonds, polar interactions, and van der Waals attractions. As one of the strongest known noncovalent ligand-receptor interactions, the stiffness of the biotin-avidin complex obtained above appears reasonable and supports the assumption made in the derivation that k bond (i.e., 17.4 ( 1.4 N‚m -1 ) . k tip (0.039 ( 0.004 N‚m -1 ) by a factor of ∼450.
Let us now discuss the meaning of the result ∆E q ) 7.1 ( 0.8 kcal‚mol -1 . As discussed earlier, we assume that to effect bond rupture under the influence of the external force F AFM ) k tip d, the intermolecular separation between biotin and avidin must move (by tip pulling and thermal motion combined) beyond a point r crit (see Figure 1) where |dV/dr| is largest. Beyond r crit , the restoring force acting on the biotin-avidin complex decreases so it can no longer overcome the bias force exerted by the AFM cantilever, and the rupture is inevitable. For a Morse potential the energy required to move along the reaction coordinate from the equilibrium position r e 0 to r crit is ∆E q ) V(r crit ) -V(r e 0 ) ) 33 The bond force constant is the second derivative of the potential at the equilibrium position. For a Morse potential, we obtain
Inserting the values of k bond and D e obtained above, the Morse potential parameter b is calculated 34 to be (6.6 ( 0.5) × 10 9 m -1 . Again, for a Morse potential, one can determine r crit -r e 0 by finding where d 2 V/dr 2 ) 0, and one obtains (r crit -r e 0 ) ) ln 2/b ≈ 1.0 ( 0.1 Å. This critical displacement magnitude is in reasonable agreement with the mapped energy barrier of biotin-avidin unbinding projected along the dissociation coordinate (≈1.2 Å) obtained from previous dynamic force spectroscopy studies at the loading rate applied in this work. 2, 6 
Conclusion
This first analysis of the temperature dependence of AFM unbinding forces revealed that temperature has a significant effect on the rupture forces measured by AFM. It also shows how several thermodynamic parameters, including bond stiffness, critical linkage displacement, and critical unbinding energy, can be extracted from the temperature dependence of the unbinding force. A slow loading rate and a soft cantilever played important roles in allowing us to use a straightforward quasiequilibrium model to extract such parameters from our data.
Further temperature-dependence studies of bond-rupture forces at different loading rates and in other ligand-receptor systems including related protein mutants are desirable to achieve a more thorough understanding of the kinetics and relevant thermodynamics of such ligand-receptor unbinding processes.
Poisson Statistical Analysis. The assumptions made in this method are that the total adhesive force in an AFM pulloff event is composed of a number of discrete bonds (typically one to a few tens, depending on the tip sharpness and the size of the ligands involved) and that the distribution of the number of bonds broken at the pulloff point follows a Poisson distribution. The Poisson number distribution (as seen in Figure 2A ) has been demonstrated for several systems in our prior work and that of others. As defined by the properties of the Poisson distribution, the mean µ n and the variance σ n 2 of the number of chemical bonds broken at the pulloff point in the AFM experiment are the same, i.e., µ n ) σ n 2 . The adhesive force m measured in one force-distance curve is related to the number of bonds n ruptured during a pull-off event by m ) nF i , where F i represents the average indiVidual bond-rupture force in the system, the value that we seek to determine. A sampling of many of these pulloff events produces a mean measured pulloff force µ m and a pulloff force variance, σ m 2 (note carefully the different subscripts). On the basis of the relationship between the measured force and number of bonds ruptured, we can derive the following equations: µ m ) µ n F i and σ m 2 ) σ n 2 F i 2 . Because µ n ) σ n 2 for a Poisson process, the magnitude of F i can be determined as F i ) σ m 2 /µ m . Although they may not exist to any significant level in any particular system, nonspecific, longrange interactions, F 0 , can be taken into account; the mean and the variance of the pulloff forces then become µ m ) µ n F i + F 0 and σ m 2 ) µ m F i -F i F 0 , respectively. A linear regression curve of the variance σ m 2 versus the mean µ m of the pulloff force from several sets of measurements will give the magnitude of the individual bond-rupture force F i and the product -F i F 0 , as the slope and y-intercept, respectively. The latter quantity can be used to estimate any nonspecific "background" forces, if they are present. For reasons of space, it is not our intention to establish and validate the Poisson analysis method here. These methods have been employed in many different biological and chemical systems in our prior work [13] [14] [15] [16] [17] and that of others. 19 
